To quantify the utilization of ME by growing pigs, a factorial analysis method is often used in which the ME intake is regressed on protein ( P D ) and lipid deposition ( L D ) rates. The approach has been criticized because there often is a strong correlation between PD and LD, which makes accurate estimation of model parameters difficult. The current study describes a nonlinear multivariate analysis procedure in which PD and LD are the result of variation in ME intake. The approach requires a hypothesis concerning the partitioning of ME intake above maintenance between PD and LD. The method was evaluated using data for growing pigs of different genotypes and sex and weighing between 20 and 107 kg that were offered a diet close to ad libitum. Energy, nitrogen, and fat balances were determined at regular intervals over the growing period. The maintenance energy requirement was expressed as a function of BW (with group-specific parameters) or as a function of muscle and visceral mass. The maintenance energy requirements ranged from 913 to 1,070 kJ ME/((kg BW) .60 ·d) for obese castrates and boars of a synthetic line, respectively. Viscera contributed 1,558 kJ ME/ ((kg tissue) .70 ·d) to the maintenance energy requirement, whereas muscle contributed only 555 kJ ME/ ((kg tissue) .70 ·d). It was assumed that the proportion of ME intake (above maintenance) designated for PD declined linearly with increasing BW. At 20 kg of BW, 49% of ME intake above maintenance was designated for PD in lean genotypes, whereas this was only 34% in obese genotypes. In general, with increasing BW, less energy was designated for PD, but this relationship depended on genotype and sex. Extremely lean male genotypes maintained a constant partitioning of energy between PD and LD for all BW. The energetic efficiencies varied (depending on the model used to express the maintenance requirement) between .58 and .60 for PD and .77 and .82 for LD. Extrapolation of results suggested that animals fed at maintenance energy level would still deposit protein at the expense of body lipid. It is argued that this finding requires nonbiological efficiencies of lipid catabolism and protein synthesis and illustrates the limitation of the maintenance concept for growing animals. The multivariate analysis method proposed here circumvents many of the problems associated with the factorial regression analysis of ME intake on PD and LD. The method can be used to further refine nutritional models describing growth in pigs.
ABSTRACT:
To quantify the utilization of ME by growing pigs, a factorial analysis method is often used in which the ME intake is regressed on protein ( P D ) and lipid deposition ( L D ) rates. The approach has been criticized because there often is a strong correlation between PD and LD, which makes accurate estimation of model parameters difficult. The current study describes a nonlinear multivariate analysis procedure in which PD and LD are the result of variation in ME intake. The approach requires a hypothesis concerning the partitioning of ME intake above maintenance between PD and LD. The method was evaluated using data for growing pigs of different genotypes and sex and weighing between 20 and 107 kg that were offered a diet close to ad libitum. Energy, nitrogen, and fat balances were determined at regular intervals over the growing period. The maintenance energy requirement was expressed as a function of BW (with group-specific parameters) or as a function of muscle and visceral mass. The maintenance energy requirements ranged from 913 to 1,070 kJ ME/((kg BW) .60 ·d) for obese castrates and boars of a synthetic line, respectively. Viscera contributed 1,558 kJ ME/ ((kg tissue) .70 ·d) to the maintenance energy requirement, whereas muscle contributed only 555 kJ ME/ ((kg tissue) .70 ·d). It was assumed that the proportion of ME intake (above maintenance) designated for PD declined linearly with increasing BW. At 20 kg of BW, 49% of ME intake above maintenance was designated for PD in lean genotypes, whereas this was only 34% in obese genotypes. In general, with increasing BW, less energy was designated for PD, but this relationship depended on genotype and sex. Extremely lean male genotypes maintained a constant partitioning of energy between PD and LD for all BW. The energetic efficiencies varied (depending on the model used to express the maintenance requirement) between .58 and .60 for PD and .77 and .82 for LD. Extrapolation of results suggested that animals fed at maintenance energy level would still deposit protein at the expense of body lipid. It is argued that this finding requires nonbiological efficiencies of lipid catabolism and protein synthesis and illustrates the limitation of the maintenance concept for growing animals. The multivariate analysis method proposed here circumvents many of the problems associated with the factorial regression analysis of ME intake on PD and LD. The
Introduction
In most energy systems used in pig nutrition, a distinction is made between the ME that is used for maintenance purposes and that used for growth. Maintenance, including thermoregulation, is assumed to have first priority, and the remaining energy is used for protein and lipid deposition. The maintenance energy requirement can be expressed as a simple function of BW (ARC, 1981; NRC, 1998) , as a function of body (or protein) weight and protein deposition (Whittemore and Fawcett, 1976; Black et al., 1986) , or as a function of muscle and visceral mass (Noblet et al., 1999) . The utilization of ME intake above maintenance depends on the partitioning of energy between protein and lipid synthesis and the respective efficiencies of synthesis.
Traditionally, the efficiencies of protein and lipid synthesis are estimated with a factorial approach in which the ME intake is regressed on protein ( PD) and lipid deposition ( LD) , as suggested by Kielanowski (1965) : ME = MEm + 1/k p PD + 1/k f LD, where MEm is the maintenance energy requirement (e.g., a function of BW), and k p and k f are the energetic efficiencies of protein and lipid deposition, respectively. This approach has been criticized be- Figure 1 . Partitioning of ad libitum ME intake in growing pigs. The ME is used for the maintenance energy requirement (MEm) and protein (PD) and lipid deposition (LD). The X is the fraction of ME intake supplied in excess of maintenance that is designated for protein synthesis. The ME PD is the energy designated for protein synthesis, and ME LD is the energy designated for lipid synthesis. The ME PD and ME LD are utilized with the energetic efficiencies k p and k f , respectively, to yield PD and LD. Total heat production (HP) is the sum of the maintenance energy requirement and the inefficiencies of PD and LD. Both X and MEm are considered functions of body weight, genotype, and(or) sex.
cause it is much easier to control ME intake than it is to control PD or LD (Emmans, 1995) . Moreover, when different levels of ME intake are used in an experimental design, within a genotype and(or) BW, there may be a strong correlation between PD and LD. Therefore, it may be difficult to accurately estimate parameters using the factorial analysis. The purpose of this paper is to propose an alternative statistical analysis procedure that will circumvent these problems.
Materials and Methods

Experimental Design and Measurements
A detailed description of the experimental design and measurements was given by Noblet et al. (1999) . Briefly, seven groups of pigs of various combinations of sex and genotype were used: synthetic line boars ( SLm; n = 8), Piétrain boars ( PPm; n = 8), Large White boars ( LWm; n = 19), Large White females ( LWf; n = 20), Large White castrates ( LWc; n = 19), Meishan × Large White crossbred castrates ( MLc; n = 8), and Meishan castrates ( MSc; n = 12). In each of the Large White groups, pigs originated from four litters (four to five littermates), and, in the other groups, they originated from two to three litters. In order to measure changes in body tissue composition, pigs from the same litter were slaughtered at regular intervals from 15 to 20 kg to 100 kg BW. Muscle and visceral (gastrointestinal tract, liver, pancreas, heart, lungs, spleen, kidneys, and reproductive organs) mass were estimated as described by Noblet et al. (1999) . The animals were fed close to ad libitum a diet based on wheat, barley, corn, and soybean meal that contained, on a DM-basis, 21% CP, 1.00% lysine, and 14.4 MJ ME/kg (SLm and PPm received 22.4% CP and 1.15% lysine). Energy (indirect calorimetry), protein, and fat balances were measured at about 3-wk intervals over the growing period (20 to 100 kg), so that each pig was measured from zero (pigs slaughtered at 15 to 20 kg) to five or six times over the growing period. Due to their low rate of BW gain, some MSc pigs were measured up to nine times. Each balance period lasted 7 d. A total of 177 balances were carried out: SLm ( n = 20 pigs), PPm ( n = 20), LWm ( n = 30), LWf ( n = 35), LWc ( n = 36), MLc ( n = 14), and MSc ( n = 22). Animals were weighed each week after a 15-h overnight period without feed and before and after each balance period.
Partitioning of Energy
The utilization of ME between PD (kJ/d), LD (kJ/ d), and heat production ( HP; kJ/d) is represented in Figure 1 . It is assumed that maintenance has first priority, and the remaining energy will be available for PD and LD. The fraction of voluntary ME intake above maintenance designated for PD is likely to vary with group and BW and is represented here as X. As a result, 1 − X will be available for LD. The energetic efficiencies for both PD ( k p ) and LD ( k f ) were assumed to be constant. The system can therefore be described by the following system of equations:
The energy required for MEm was considered either as an exponential function of the BW or as an exponential function of the muscle and visceral mass. In the former case, MEm = a i BW b , where a i is the MEm requirement for the i th group of animals (kJ/ ((kg BW) b ·d)). Alternatively, maintenance can be described by MEm = a M (muscle) b + a V (viscera) b , where a M is the MEm requirement for muscle (kJ/ ((kg muscle) b ·d)), and a V is the MEm requirement for viscera (kJ/((kg viscera) b ·d)).
As indicated above, the ME designated for PD ( X ) may not only be different between groups of animals, but also depend on the BW of the animals. For simplicity reasons, X was considered a linear function of BW with group-specific parameters:
where c i is the fraction of ME designated for PD at 20 kg of BW (for group i), and d i is the change in partitioning of ME toward PD due to the change in BW (/kg BW; for group i).
The total heat production can be calculated as the maintenance energy requirement plus the inefficiencies of protein and lipid synthesis, whereas the fasting heat production ( FHP) can be obtained by substituting zero for ME:
From this equation, it is clear that if MEm is an allometric function of BW, then the FHP is not a simple allometric function of BW.
The maintenance requirement of a nutrient is defined as the level of feed at which the net gain (or loss) of the nutrient equals zero (ARC, 1981) . However, it may be hypothesized that growing animals fed to maintain BW may deposit protein and catabolize storage lipid. The model described above assumes that at maintenance both PD and LD equal zero, but it can be changed to include a positive PD at maintenance intake level. The amount of protein that is fixed at maintenance level should be a function of mature BW. Theoretically, mature animals maintain a zero PD and LD at maintenance feeding level. Because the variation in ME intake is insufficient to account for genotype-specific variability, the model was modified to include only a single extra parameter:
where DE (kJ ME/(kg BW·d)) is the change in energy gained as protein (and lost as lipid) relative to the change in BW for animals fed at zero energy retention (e.g., ME = MEm). The value of 300 was chosen to indicate mature BW.
Ad Libitum Feed Intake
The main focus of this study was the utilization of ad libitum ME intake above maintenance. However, not only the utilization but also the feed intake capacity may change with genotype, sex, and BW. For mathematical modeling purposes, it is important that this latter information is provided. The relation between ME intake and BW can be represented as an asymptotic model of the form ME = a i ( 1 − exp(−b i BW)), where a is the asymptotic ME intake (MJ/d; for infinite BW) and b is the fractional change in ME intake due to a change in BW (/kg) for the i th group of animals (ARC, 1981; NRC, 1998) . Because the ME intake for used range in BW (20 to 100 kg) may be far from the asymptotic ME intake, the model was reparameterized to:
where ME50 i is the ME intake at 50 kg of BW (MJ/d), and ME100 i is the ME intake at 2 × 50 = 100 kg of BW (MJ/d) for the i th group of pigs. It can be shown that a = ME50/(2 − ME100/ME50) and b = −ln(ME100/ ME50 − 1)/50. This parameterization results in more stable parameter estimates (ME50 and ME100 vs a and b ) without changing the functional form of the equation (Ratkowsky, 1989) . A log transformation of this equation was used to account for heteroscedasticity of the error term.
Statistical Analyses
Model 1 consists of two nonlinear equations (one for PD and one for LD) that were analyzed simultaneously using the NLIN procedure of SAS (1989) as a nonlinear multivariate model (Appendix). Because the residual variance may be different for each equation, a weighted regression procedure was used. Initially, data for each equation were assigned the same weight, after which the residual variances for PD and LD were determined. These variances then served to establish a new weighting scheme (with weights equal to the reciprocal of the residual variances), followed by a renewed estimation of parameters and residual variances. The procedure was repeated until no further changes in the residual variances were observed. As a result, data for PD were assigned a weight 2.2 times greater than that for LD, and this weighting scheme was maintained during hypotheses testing. There were no indications that the residual variance was proportional to PD or LD; therefore, errors were assumed to be additive for each equation. Because nonlinear parameter estimates and their asymptotic standard errors may be biased (depending on the combination of the model and the data set), bootstrap parameter estimates and their standard errors were calculated using fixed sampling of the dependent variable (Neter et al., 1996) . One thousand new data sets were created by randomly selecting records (with replacement) from the original data set ( n = 177), and nonlinear regression analyses were performed on these 1,000 data sets. Bootstrap estimates and their standard errors were calculated as the mean and standard error of the 1,000 estimates. Hypotheses concerning the effect of group, genotype, sex, and Meishan crossbred were tested as interactions of the nonlinear regression estimators using the extra-sum-of-squares principle (Ratkowsky, 1983; Noblet et al., 1999) .
Results
The results of the regression of PD and LD on ME intake with maintenance as a function of BW are given in Table 1 . Maintenance energy requirements Table 1 . Parameter estimates (and standard errors) for describing protein (PD; kJ/d) and lipid deposition (LD; kJ/d) in growing pigs as a function of ad libitum ME intake (kJ/d) and body weight (kg): 
where a is the maintenance energy requirement (kJ/kg BW b /d), b is the exponent expressing maintenance as a function of body weight, c is the fraction of ME supplied in excess of maintenance that is designated for protein deposition at 20 kg of BW, d is the change in partitioning of ME toward PD due to a change in BW (/kg), k p is the partial efficiency of protein deposition, and k f is the partial efficiency of lipid deposition. were lowest for the lean PPm and highest for MLc. A linear function was used to describe the partitioning (between protein and lipid) of ME intake above maintenance as a function of BW. The model was parameterized to include an intercept ( c ) within the observed range of BW. For lean genotypes weighing 20 kg, between 53 and 60% of ME intake above maintenance was designated for PD, whereas for the more obese genotypes this value approached 40%. In general, with increasing BW, energy was diverted from PD toward LD ("d" in Table 1 ). Moreover, the efficiency of lipid synthesis was much higher than that of protein synthesis (.92 and .51, respectively). The exponent b for expressing MEm as a function of BW (MEm = a i BW b ) was .644, which was not different from .60 ( P = .26). Table 2 lists the results after hypotheses testing and restricting b to .60. There were effects of group, genotype, and Meishan crossbred ( P < .001) on the maintenance energy requirement (kJ/((kg BW) .60 ·d)). In contrast, there was no difference ( P = .29) in the maintenance energy requirements between Large White males, females, or castrates. At 20 kg, a common partitioning of energy could be used for the lean (SLm, PPm, LWm, LWf, and LWc; c = .49) and one for the obese (MLc and MSc; c = .34) groups. However, there were large differences between groups in the change in this partitioning due to a change with Maintenance can also be expressed as a function of muscle and visceral mass, rather than as a function of BW with group-specific parameters. The exponent b in the equation MEm = a M (muscle) b + a V (viscera) b was .697 (SE = .029), which was not different from .70 ( P = .97). Similar to the results in Table 2 , the lean groups shared a common partitioning of ME intake above maintenance at 20 kg of BW ( c in X i = c i + d i (BW − 2 0 ) ) as did the obese MLc and MSc. Also, d was not different from zero ( P = .23) for SLm and PPm. Bootstrap estimates of this reduced model are given in Table 3 . The visceral mass contributed 2.9 times more to the maintenance requirement than did muscle (1,558 and 555 kJ ME/((kg tissue) .70 ·d), respectively). There was little difference in the partitioning of energy between PD and LD when maintenance was expressed either as a function of BW or as a function of muscle and visceral mass. However, both k p and k f were slightly reduced in the latter case.
As indicated above, animals fed at maintenance energy level may deposit protein and catabolize body lipid. This phenomenon will be affected by BW and was represented by DE in Model 2. Nonlinear regression analysis indicated that DE = 4.58 kJ ME/(kg BW·d) (SE = .56 kJ/(kg BW·d)), which was significantly different from zero. This implies that a 20-kg pig fed at maintenance will deposit 4.58 × (300 − 20) = 1,282 kJ/d of protein and lose an energetically equal quantity of body lipid. At 100 kg, this would amount to 916 kJ/d.
Bootstrap estimates for the asymptotic model describing ad libitum feed intake are given in Table 4 . The ME intake at 50 kg of BW varied between 22.4 MJ/d for PPm and 30.9 MJ/d for MLc. At 100 kg of BW, the difference between groups was even larger, ranging from 27.5 MJ/d for MSc to 42.7 MJ/d for MLc. As indicated previously, the ME50 and ME100 allow calculation of the asymptotic ME intake. At 100 kg of Figure 2 . Relation between protein deposition rate (PD) and the ME intake above maintenance (ME − MEm) when it is assumed that either the energy intake (ascending line) or the genetic potential (plateau) is limiting PD. The ME PD is the ME intake above maintenance at which the genetic potential starts limiting PD, and PDmax is the corresponding level of PD.
BW, both PPm and MSc had reached 91 and 97% of the asymptotic value, respectively. However, the other groups had not approached the asymptotic value at 100 kg, indicating that parameterization of the model to include the asymptote may lead to erroneous estimates. The residual standard deviation of the feed intake model was 8.7% (of predicted ME intake). The proportionality of the residual variance with ME intake is also reflected by the asymptotic standard errors for ME100, which are much larger than those for ME50.
Discussion
Nonlinear Multivariate Approach vs Factorial Approach
Because the same source data were used, the results presented in Table 2 can be compared directly with those reported by Noblet et al. (1999) , who used the factorial analysis method. The estimated maintenance energy requirements (kJ ME/((kg BW) .60 ·d)) in the latter study were consistently higher than the ones estimated here, even though the differences were small (ranging from 2.4 to 5.4% for MSc and PPm, respectively). Also the k p was slightly higher (.64 for the factorial approach vs .60 for the multivariate nonlinear approach). The k f in both studies was almost identical (.83 estimated by Noblet et al., 1999, vs .82 estimated here) . The relatively small difference in parameter estimates between both methods is probably because the correlation between PD and LD was small in the data set (.107, according to Noblet et al., 1999) . The difference in parameter estimates would probably have been greater if different feeding levels had been used for pigs of the same genotype and BW.
An additional advantage of the multivariate method is that the net energy requirement for maintenance can be obtained from a rearrangement of the model (i.e., NEm = FHP = MEm ( k p X + k f ( 1 − X ) ) ) . With a factorial analysis, NEm can only be obtained by regressing heat production on ME intake, thereby ignoring the composition of gain (or, below maintenance, the loss of protein and lipid).
Partitioning of Energy Between Protein and Lipid Deposition
In many nutritional growth models for pigs, it is assumed that PD is limited either by the genetic potential for growth ( PDmax) or, when energy intake is restricted, by a relation between PD and LD. For a given genotype and BW, PD is thought to vary with ME intake according to a linear-plateau relationship, where the plateau indicates PDmax (Figure 2) . Examples of this approach have been reported by Black et al. (1986) , de Greef (1992) , and Quiniou et al. (1995b) . The PD measured here applies to a situation in which animals were offered feed ad libitum. For some animals, PD may be restricted by PDmax, whereas, for other (probably the younger and leaner) animals, it may be restricted by the feed intake capacity. Therefore, for the former group it would have been possible to restrict energy intake without affecting PD up to the point at which energy intake will start limiting PD. If one accepts this concept, it has consequences as to how X is interpreted. For animals for which feed intake capacity is limiting PD, X is the maximum quantity of ME (above maintenance) that is designated for protein synthesis. In contrast, for animals for which PDmax determines PD, X represents the minimum quantity of ME designated for PD, constrained by voluntary feed intake. With the current data set in which all animals were offered feed ad libitum, it is not possible to determine whether feed intake capacity or PDmax limits PD.
The concept of a linear plateau relationship between PD and ME intake also has consequences for the way the efficiencies of protein and lipid deposition should be estimated. These efficiencies may be estimated with the factorial or with the nonlinear multivariate approach only when the feed intake capacity of the animal is limiting PD. Cases in which PDmax determines PD should either be ignored or specifically accounted for in the model describing the partitioning of ME. In the factorial analysis, inclusion of these cases will result in an overestimation of k p and underestimation of k f , whereas, in the current multivariate analysis, it will affect estimation of X. The specific inclusion of a broken-line relationship in the multivariate analysis is straightforward. Let X be the quantity of ME designated for Pd (i.e., applicable only below PDmax). In Figure 2 , ME PD represents the ME intake at which PD just equals PDmax. As a result, the slope of PD on ME intake above maintenance equals k p X but also PDmax/ME PD . Thus, ME PD = PDmax/(k p X). For (ME − MEm) below ME PD , the system can be described as before. For (ME − MEm) above ME PD , all energy not designated for PDmax will be used for LD. Summarizing, if (ME − MEm) < ME PD :
whereas if (ME − MEm) ≥ ME PD , then:
The only extra parameter in this system is PDmax (ME PD is a function of PDmax). As above, MEm, X, and PDmax may be some function of genotype, sex, and BW.
Different relations have been proposed for the partitioning of energy below PDmax. In one of the first nutritional models for growth in pigs, Whittemore and Fawcett (1976) suggested a constant relation between PD and LD below PDmax. Black et al. (1986) proposed an exponential declining function to express the slope of the regression of nitrogen deposition (below PDmax) on ME intake as a function of BW. Assuming that body protein contains 16% N and 23.7 MJ/kg and that the efficiency of PD equals .60, the proposed relation by Black et al. (1986) can be rewritten as X = .247 (.7 exp ( −.0192 BW) + .65) Xs, where Xs depends on the genotype and sex of the animals. A comparison of this equation with the one developed for the current study indicated that in the equation proposed by Black et al. (1986) , much less energy is designated for PD and the difference is largest for young animals. Furthermore, because PDmax may have been limiting PD in some animals in the current study, X would be even higher if ME intake had been restricted.
Growth at Maintenance
When regressing the protein deposition on ME intake above maintenance, a positive intercept is often observed (e.g., Quiniou et al., 1995a) . Also, when growing pigs are fed to maintain a constant BW, Kolstad and Vangen (1996) found that the animals deposited protein and catabolized body lipids. The results of the current experiment seem to be in agreement with this. However, many of these findings are contradictory to the concept of maintenance. For example, from data reported in Table 8 by Quiniou et al. (1995a) one can calculate that, at maintenance, a 94-kg pig will gain 32.8 g/d of protein and lose 43 g/d of lipid. Using the gross energy contents for protein (23.7 kJ/g) and lipid (39.6 kJ/g) as reported by the ARC (1981), these animals would gain .78 MJ/d of energy as protein at the expense of 1.7 MJ/d of lipid and, hence, would not be in energetic equilibrium. Also, de Greef (1992) incorrectly assumed that animals may synthesize between .75 and .90 MJ/d of protein at the expense of 1 MJ/d of lipid while maintaining zero energy balance. Nevertheless, even if protein synthesis and lipid catabolism at maintenance would be in energetic equilibrium, this would imply that the biochemical efficiencies of lipid mobilization and subsequent protein synthesis both would equal unity; this hypothesis is not very appealing from a biological point of view.
There may be a different reason as to why DE (the energy deposited as protein and lost as lipid estimated at maintenance intake level) was estimated to be different from zero. First, PD was estimated using a nitrogen balance technique and this technique is known to overestimate protein deposition as compared with serial slaughter (Quiniou et al., 1995a) . Second, the relation between PD and ME intake above maintenance may not be linear, especially at levels of intake close to maintenance. Finally, and probably most important, the concept of maintenance may not be appropriate for growing animals. However, no suitable alternatives are currently available, and it may be better to fully adhere to the concept of maintenance and accept its constraints. For this reason, it is proposed to assume a zero energetic protein and lipid balance at maintenance even though this is not supported with the literature and the current data.
The assumption of a zero energetic protein and lipid balance at maintenance in combination with a constant X implies that the LD to PD ratio is independent of ME intake when ME intake limits PD (i.e., LD:PD = (1 − X) k f /(X k p ) ) . When an intercept (e.g., DE) is assumed, the LD to PD ratio becomes a nonlinear function of ME intake (de Greef, 1992) . Also, experimental data indicate that the LD to PD ratio depends on ME intake for pigs fed below their genetic potential for protein accretion (de Greef et al., 1994) . A compromise between a theory of maintenance and conflicting experimental results may be found by assuming a curvilinear (or nonlinear) relation between, respectively, PD and LD with ME intake above Figure 3 . The effect of body weight on the partitioning of ad libitum ME intake above maintenance that is used for protein deposition (PD). The protein deposition profiles are given for four groups of growing pigs (ÿ = synthetic line male, ⁄ = Large White female, π = Large White castrate, and ♦ = Meishan castrate) between 20 and 110 kg of BW. For each group, the first (leftmost) point represents an animal weighing 20 kg, the next point represents an animal weighing 30 kg, and so on. The last point represents a 110-kg animal.
maintenance, while intersecting the origin. This implies that X would not be constant for a given genotype and BW, but be a function of ME intake above maintenance.
Feed Intake
Similar to the current study, the ARC (1981) and the NRC (1998) also used asymptotic equations to relate energy intake to BW. For lean genotypes other than PPm, voluntary ME intake was between 10 and 20% less in the current study compared with those reported by the ARC and NRC (assuming 96% ME in DE). The differences for PPm and MSc were even greater. One of the reasons for this difference is that feed intake was slightly restricted in this study to ensure identical energy intake between littermates. Moreover, most modern genotypes will probably eat less than those reported by ARC (1981) and NRC (1998). In addition, the experiment was conducted in metabolism cages. Quiniou et al. (1996) found that feed intake measured in metabolism cages may be 15% less than that measured in individual pens. Hyun et al. (1998) reported that stressors such as space allowance influence feed intake, average daily gain, and gain-to-feed ratio, which may also have repercussions on the partitioning of energy (Frank et al., 1997) . Therefore, care must be taken when extrapolating the current results to other situations.
Protein Deposition Growth Profiles
The results obtained for the partitioning of ME intake above maintenance between PD and LD (Table  2) , together with the predicted ad libitum ME intake (Table 3) , allow construction of PD growth profiles for growing pigs. Figure 3 illustrates the effect of BW and genotype on the utilization of ME intake above maintenance for four of the seven groups of pigs. In general, with increasing BW, both ME intake capacity and MEm will increase. Figure 3 illustrates that for groups other than MSc, ME intake above maintenance increased with BW, which indicates that the ME intake capacity increased faster than MEm. As a result, with increasing BW more energy will be available for protein and lipid deposition. Nevertheless, energy intake capacity above maintenance approached a plateau at approximately 100 kg.
With increasing BW, an increasing part of ME intake above maintenance will be designated toward LD for all groups of pigs, with the exception of SLm and PPm. The limitation of the ME intake capacity above maintenance, as well as the changing partitioning of energy, result eventually in a diminishing PD.
Theoretically, at maturity, animals will neither deposit protein nor lipid and will eat according to the maintenance requirements. The PD profiles depicted in Figure 3 should, therefore, attain the origin at mature BW. Lean genotypes such as SLm and PPm will designate the same proportion of energy above maintenance to PD, irrespective of BW (within the range of observations). Their PD growth profiles will, therefore, be linear. With increasing BW, the other groups will designate more energy toward LD, resulting in curvilinear growth profiles.
Implications
A general statistical method is given that will allow nutritionists to quantify the partitioning of metabolizable energy between maintenance, protein deposition, and lipid deposition in growing pigs. The proposed method circumvents many of the problems that are associated with the traditional factorial analysis method. An example of the proposed analysis is given for pigs differing in genotype, sex, and body weight. These results may be used to parameterize nutritional simulation models for growing pigs. data protein; set energy; Y = PD; id = 'P'; w=2.2; run; data lipid; set energy; Y = LD; id = 'L'; w=1; run; data energy2; set protein lipid; keep ME BW Y id; run; proc nlin maxiter=100 data=energy2; parms kp=0.60 kf=0.90 b=0.6 a=1100 c=0.50 d=−0.002; X=(c+d*(PV-20)); model Y = (id='P')*(kp*X*(ME-a*BW**b)) + (id='L')*(kf*(1-X)*(ME-a*BW**b)); _weight_=w; run;
